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METHOD FOR ERASING A MEMORY CELL 

CROSS REFERENCE TO OTHER APPLICATIONS 

[001] The present application is a continuation-in-part of US Patent Application 

09/983,510, entitled "Method For Erasing A Memory Cell", assigned to the assignee of the 

present application, and claims priority therefrom. 

FIELD OF THE INVENTION 

[002] The present invention relates generally to erasing memory cells of non-volatile 

memory arrays, and particularly to methods for erasing a bit of a memory cell so as to 

reduce retention loss thereafter and increase reliability. 

BACKGROUND OF THE INVENTION 

[003] A well known type of non-volatile cell is a nitride, read only memory (NROM) 
cell, described in such patents as Applicant's US Patent 6,490,204, entitled "Programming 
And Erasing Methods For An NROM Array", and Applicant's US Patent 6,396,741, 
entitled "Programming Of Nonvolatile Memory Cells", the disclosures of which are 
incorporated herein by reference. 

[004] Unlike a floating gate cell, the NROM cell has two separated and separately 
chargeable areas. Each chargeable area defines one bit. The separately chargeable areas 
are found within a nitride layer formed in an oxide-nitride-oxide (ONO) sandwich 
underneath a gate. When programming a bit, channel hot electrons are injected into the 
nitride layer. Programming an NROM cell may typically involve applying positive 
voltages to gate and drain terminals of the transistor, while the source may be floated. 
[005] Erasing an NROM cell requires decreasing the threshold voltage of the cell. 
Erasing an NROM cell, which is done in the same source/drain direction as programming, 
typically involves applying a negative voltage to the gate and a positive voltage to the 
drain, while the source may be floated. The negative gate voltage creates holes in the 
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junction near the drain, typically through band-to-band tunneling. The holes may be 
accelerated by the lateral field near the drain and the ONO layer. As the holes accelerate 
towards the drain, they eventually achieve sufficient energy to be injected into the nitride 
layer, this being known as tunnel-assisted hot hole injection. 

[006] A concern with NROM cells, as well as for other kinds of non-volatile memory 
(NVM) cells, is drift or unintended changes in the threshold voltages of memory cells. For 
example, over time at room temperature, bits that are supposed to be in an erased state may 
experience an increase in threshold voltage. 

[007] There are several problems associated with the drift problem. The changes alter the 
state of the memory cell and the data value stored therein, thereby creating a data error. 
Such data errors are intolerable in many memory applications. The drift causes a loss in the 
margin of voltage level between the erased state voltage level and the read reference level. 
Accordingly, in the prior art, the erase verify level may be set at a certain low voltage 
level, taking into account a factor of safety so as to distance the erased state voltage level 
from the read reference level. This is referred to as maintaining a "window" between the 
erased state voltage level and the read reference level. There may be likewise a <c window" 
between the programmed state voltage level and the read reference level. One way of 
combating the margin loss would be to maintain a large window that would separate the 
erased state voltage level from the read reference level even after drift in the erased state 
voltage level over time. However, this in turn causes other problems. A larger window may 
lower reliability by detrimentally affecting cycling and retention. In addition, the larger 
window necessitates longer write times, thereby causing a loss in performance. 
[008] Applicant's US Patent Application 09/983,510, entitled "Method For Erasing A 
Memory Cell", corresponding to published PCT patent application WO 03/036650 
(PCT/IL02/00855), provides further methods for erasing a bit of a memory cell so as to 
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reduce the drift of the threshold voltage thereafter. After applying an erase pulse to a bit, 
the bit is read to check if the bit has passed an erase verify level. If the bit has passed the 
erase verify level, then at least one more erase pulse is applied to that bit. The extra erase 
pulse may be applied with the same or different voltage levels of gate and drain and for the 
same or different time duration as the previous erase pulse. 

[009] The application of one or more extra erase pulses lowers the initial threshold 
voltage of the erased bit. This provides several advantages. First, it will take longer for the 
threshold voltage to drift upwards than the prior art. Second, the erase verify level may be 
set at a higher voltage level than the prior art. Third, the application of the extra erase pulse 
or pulses may actually decrease the slope of the increase in threshold voltage level of the 
erased bit. 

[0010] However, the extra erase pulse may have the disadvantage of increasing the number 
of holes in the ONO stack dielectric, which may increase the retention loss. 
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SUMMARY OF THE INVENTION 

[0011] The present invention seeks to provide improved methods for erasing a bit of a 
memory cell so as to reduce the retention loss thereafter. In accordance with an 
embodiment of the present invention, a time delay may be implemented before erase 
verifying, that is, before checking if the bit has passed an erase verify level. Waiting before 
performing erase verify (EV) may allow the erased state threshold voltage to drift upwards 
before EV. If EV is passed after the end of the wait period, then no extra erase pulse is 
needed. Avoiding application of an unnecessary extra erase pulse may prevent or reduce 
enhanced retention loss. 

[0012] There is thus provided in accordance with an embodiment of the invention a 
method for erasing at least a single bit of a memory cell in a non-volatile memory cell 
array, the method including applying an erase pulse to at least one bit of at least one 
memory cell of the array, waiting a delay period wherein a threshold voltage of the at least 
one memory cell drifts to a different magnitude than at the start of the delay period, and 
after the delay period, erase verifying the at least one bit to determine if the at least one bit 
is less than a reference voltage level. 

[0013] In accordance with an embodiment of the invention the delay period is determined 
as a function of prior threshold voltage drift behavior of at least one similar memory cell. 
[0014] Further in accordance with an embodiment of the invention, during the delay 
period, an environmental and/or erase condition of the at least one memory cell may or 
may not remain generally unchanged. The environmental condition may comprise at least 
one of temperature, pressure, and humidity. The erase condition may comprise at least one 
of a gate voltage, a drain voltage, a source voltage, and a time duration of an erase pulse. 
[0015] Still further in accordance with an embodiment of the invention the at least one 
memory cell comprises a channel formed in a substrate, two diffusion areas formed one on 
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either side of the channel in the substrate, and an oxide-nitride-oxide (ONO) layer formed 
at least over the channel, the ONO layer comprising a bottom oxide layer, a top oxide layer 
and a nitride layer intermediate the bottom and top oxide layers, and wherein the delay 
period is determined as a function of the thickness of the bottom layer. 
[0016] In accordance with an embodiment of the invention, if the at least one bit does not 
pass the erase verify level (i.e., the threshold voltage is not less than the reference voltage 
level), then at least one more erase pulse is applied to the at least one bit. Optionally, in 
accordance with another embodiment of the invention, even if the at least one bit passes 
the erase verify level, then at least one more erase pulse may be applied to the at least one 
bit. 

[0017] There is also provided in accordance with an embodiment of the invention a non- 
volatile memory cell array comprising a plurality of memory cells, a power supply adapted 
to generate erase pulses to bits of the cells, and a controller in communication with the 
power supply, the controller adapted to perform the steps of: 

applying an erase pulse to at least one bit of at least one memory cell of the array , 

waiting a delay period wherein a threshold voltage of the at least one memory cell 
drifts to a different magnitude than at the start of the delay period, and 

after the delay period, erase verifying the at least one bit to determine if the at least 
one bit is less than a reference voltage level. 

In accordance with an embodiment of the invention the memory cells comprise nitride 
read only memory (NROM) cells. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The present invention will be understood and appreciated more fully from the 
following detailed description taken in conjunction with the appended drawings in which: 
[0019] Fig. 1 is a simplified schematic illustration of non- volatile memory cell array, 
constructed and operative in accordance with a preferred embodiment of the present 
invention; 

[0020] Fig. 2 is a simplified illustration of an example of a memory cell used in the array 
of Fig. 1, the example being an NHOM cell, constructed and operative in accordance with 
an embodiment of the invention; 

[0021] Fig. 3 is a simplified flow chart of a method for erasing a bit or bits in the array of 
Fig. 1, in accordance with an embodiment of the present invention; and 
[0022] Fig. 4 is a simplified graphical illustration of an upward drift of the threshold 
voltage of the memory cells during a wait period before implementing erase verify. 
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DETAILED DESCRIPTION OF THE PRESENT INVENTION 

[0023] Reference is now made to Fig. 1, which illustrates a non- volatile memory cell array 
10 constructed and operative in accordance with a preferred embodiment of the present 
invention. Array 10 may be an EEPROM array, for example. Array 10 comprises a 
multiplicity of memory cells 12 each connected to an associated word line, generally 
designated WL 5 and two bit lines, generally designated BL. A single memory cell 12 may 
store a single bit or multiple bits. 

[0024] A power supply 14 is adapted to generate erase pulses to erase bits of memory cells 
12. A controller 16 is preferably in communication with power supply 14 to control erasure 
of the bits, as is described in detail hereinbelow. 

[0025] In accordance with one embodiment of the present invention, memory cells 12 are 
nitride read only memory (NROM) cells. The description follows for NROM cells, 
however, the present invention is not limited to NROM cells. 

[0026] Reference is now made to Fig. 2, which illustrates one example of memory cell 12, 
the example being an NROM cell 20, constructed and operative in accordance with an 
embodiment of the invention. 

[0027] NROM cell 20 preferably includes a channel 22 formed in a substrate 24. Two 
diffusion areas 26 and 28 are preferably formed on either side of channel 22 in substrate 
24, each diffusion area having a junction with channel 22. An oxide-nitride-oxide (ONO) 
layer 30 (i.e., a sandwich of a bottom oxide layer 32, a nitride layer 34 and a top oxide 
layer 36) is preferably formed at least over channel 22, and a polysilicon gate 38 is 
preferably formed at least over ONO layer 30. NROM cell 20 may comprise two separated 
and separately chargeable areas 40 and 42 in the nitride layer 34, each chargeable area 
defining and storing one bit. 
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[0028] Reference is now made to Fig. 3, which illustrates a method for erasing a bit of the 
memory cell 12 in array 10, in accordance with an embodiment of the present invention. 
[0029] An erase pulse is applied (by means of power supply 14 and controller 16, Fig. 1) 
to one or more bits of one or more memory cells 12 of array 10 (step 100). Application of 
erase pulses to a selected bit in a preferred embodiment generally comprises application of 
a negative gate voltage to the word line of the bit, a positive drain voltage to the bit line 
serving as drain, and a floating voltage to the bit line serving as source. The magnitude and 
time duration of the negative gate voltage and positive drain voltage, inter alia, affect the 
amount of erasure of the bit. Procedures for applying erase pulses are described in 
Applicant's US Patent 6,490,204, for example. 

[0030] The erase pulse lowers the threshold voltage of the bit. The threshold voltage of 
any bit is generally checked by reading the bit, such as with a sense amplifier (not shown), 
as is known in the art. If the threshold voltage of the bit is less than a reference voltage 
level, then that bit is considered to be in an erased state. Conversely, if the threshold 
voltage of the bit is not less than the reference voltage level, then that bit is not considered 
to be in an erased state. This is referred to as "erase verify" (EV). 

[0031] In accordance with an embodiment of the present invention, the method waits a 
delay period before performing EV (step 101). During the delay period, the threshold 
voltage of the one or more memory cells 12 may drift to a different magnitude (typically, a 
greater magnitude) than at the start of the delay period. This may be seen graphically in 
Fig. 4, to which reference is now additionally made. At point A (e.g., at time zero), the 
erase pulse is applied to the one or more bits of one or more memory cells 12 of array 10. 
A delay period B is then implemented, during which the threshold voltage may drift 
upwards, i.e., increase with time. 
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[0032] In one embodiment of the present invention, the time duration of delay period B 
may be determined as a function of prior threshold voltage (Vt) drift behavior of one or 
more similar memory cells. For example, the threshold voltage may increase, without 
limitation, at a rate of about 50 mV per decade of time in a log scale, and may eventually 
approach an upper limit asymptotically. The delay period B may be chosen such that most 
of the threshold voltage rise has occurred by the end of the delay period B. In accordance 
with another embodiment of the invention, the delay period B may be determined as a 
function of the thickness of one of the layers of the ONO layer 30, such as but not limited 
to, the bottom oxide layer 32. It has been found that decreasing the bottom oxide layer 32 
may reduce the Vt saturation level and may also decrease the time duration of the delay 
period B, because the threshold voltage approaches the asymptotic limit more rapidly. 
[0033] As a non-limiting example, if the thickness of bottom oxide layer 32 is about 50 
angstroms, most of the threshold voltage increase (e.g., about 300mV) may occur in 
approximately the first 60 seconds. In this example, erase verify may be delayed by a delay 
period of about 300 microseconds to 3 milliseconds in order to capture a significant part of 
the threshold voltage drift. The delay period may be implemented before applying one 
erase pulse, or may implemented consecutively before successive applications of erase 
pulses. Waiting the delay period before applying the erase pulse, whether singly or 
consecutively, may help avoid unnecessary application of an extra pulse after the last EV 
and may thus help reduce retention loss. 

[0034] At the end of the delay period B, erase verify is preferably performed on the bit 
(step 102). If the threshold voltage of the bit is less than a reference voltage level, then that 
bit is considered to be in an erased state, and no further erase pulses may be applied. 
[0035] If the threshold voltage of the bit is not less than a reference voltage level, then that 
bit is considered not to be in an erased state and the process may be repeated by applying 
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the erase pulse (step 100) and waiting the delay period (step 101) before erase verifying 
again. 

[0036] In summary, in one embodiment of the invention, one or more bits (e.g., a small or 
large portion of the array) may be erased with an erase pulse and erase verified after 
waiting the delay period. (This may be done bit by bit or performed for a portion of bits.) 
Those bits that pass EV (that is, their threshold voltages are less than the erase verify 
voltage level) may be marked (such as by a sticky bit in a buffer, for example) to indicate 
that no more erase pulses should be applied to them. Those bits that do not pass EV (that 
is, their threshold voltages are not less than the erase verify voltage level) may be further 
erased with erase pulses. 

[0037] In another embodiment of the present invention, environmental and/or erase 
conditions may be changed during the delay period (step 103). The environmental 
condition may comprise, without limitation, temperature, pressure or humidity. The erase 
condition may comprise gate voltage, drain voltage, source voltage, and time duration of 
the erase pulse. 

[0038] Alternatively, in accordance with another embodiment of the present invention, 
even if the particular bit has passed erase verify, then one or more erase pulses may be 
applied to that bit (step 104). The one or more additional erase pulses may be of an equal, 
less or greater magnitude than the erase pulse applied in step 100. "Greater magnitude" 
means more positive BL voltage or more negative WL voltage or both. Additionally or 
alternatively, the one or more additional erase pulses may be applied at an equal, less or 
greater time duration than the erase pulse applied in step 100. For example, if the previous 
erase pulse was Vg= -5 V and Vd= 6 V for a duration of 250 ^xsec, then the additional 
erase pulse may be Vg = -5.2 V and Vd= 6 V for a duration of 250 jisec. Another 
alternative may be Vg= -5 V and Vd= 6.3 V for a duration of 250 jisec. Another 
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alternative may be Vg= -5.5 V and Vd= 6.3 V for a duration of 250 usee. Yet another 
alternative may be Vg= -5 V and Vd= 6 V for a duration of 500 ^isec. 
[0039] It will be appreciated by persons skilled in the art that the present invention is not 
limited by what has been particularly shown and described herein above. Rather the scope 
of the invention is defined by the claims that follow: 



